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(57) ABSTRACT

There 1s provided a new method of obtaiming the dopant
activation rate of a device accurately and simply 1n a
different way from a method of obtaiming a carrier density
with use of a Hall measurement or CV measurement, and
also provided a production method of a device performed
with a proper threshold voltage control, that 1s, a dose
amount control, according to the obtained activation rate.
The mventor devised a method 1n which the activated dopant
density (first dopant density) in a semiconductor film 1is
obtained from the threshold voltage and the flat band voltage
of a device, then the dopant activation rate 1s obtained from
the ratio of the obtained activated dopant density to the
added dopant density (second dopant density) obtained by
SIMS analysis. The invention allows easily obtaining the
dopant activation rate 1n the channel region and the impurity
region ol the device.
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EVALUATION METHOD OF
SEMICONDUCTOR DEVICE,
MANUFACTURING METHOD OF THE
SEMICONDUCTOR DEVICE, DESIGN
MANAGEMENT SYSTEM OF DEVICE
COMPRISING THE SEMICONDUCTOR
DEVICE, DOSE AMOUNT CONTROL
PROGRAM FOR THE SEMICONDUCTOR
DEVICE, COMPUTER-READABLE
RECORDING MEDIUM RECORDING THE
PROGRAM, AND DOSE AMOUNT CONTROL
APPARATUS

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to a device comprising a
semiconductor device, particularly relates to an evaluation
method of the dopant density and the dopant activation rate
in a semiconductor film, and provides a design management
system (production management system) on which these
things are taken into account. Further, the invention provides
a program to make a computer obtain the dopant activation
rate and control the dose amount.

2. Description of the Related Art

In a field effect transistor (hereinafter referred to as a
‘FET’), a thin film transistor (dereinafter referred to as a
‘TFT”), which 1s an example of FETs, and other semicon-

ductor devices, the threshold voltage 1s an important param-
cter that decides the operating point. The threshold voltage
1s decided by the factors such as the activation rate of added
dopant (impurity), (hereinaiter referred to as the ‘dopant
activation rate), and the distribution of carriers concentration
(heremaftter referred to as ‘carrier density’).

In other words, 1t 1s necessary to control the dopant
activation rate and the carrier density so that semiconductor
devices obtain predetermined characteristics. The dopant
activation rate 1s represented by the ratio of the amount of
dopant which 1s actually activated to the amount of dopant
which 1s added to a semiconductor film. The carrier density
1s the amount of carriers that actually flow in the channel
region, which also varies depending on the presence of an
applied voltage. Particularly, when the dopant activation rate
1s 100%, the dopant density and the carrier density are equal.

Conventionally, the carrier density 1s obtained by the Hall
measurement, the CV measurement (capacitance measure-
ment), or SIMS analysis.

As an example using SIMS analysis, which 1s a measure-
ment of the above carnier density, there 1s a method such
that: primary 1ons are emitted onto the surface of a conduc-
tive impurity-doped semiconductor film under the condition
that the surface thereof 1s charged with electricity; the
strength of the secondary 1ons having a specific energy
emitted from the surface i1s sequentially measured with the
clapse of emitting time of the primary 10ns; and, from the
concentration of carriers corresponding to the strength of the
secondary 1ons and the etching amount of the semiconductor
film corresponding to the time of emitting of the primary
ions, the carrier distribution 1n the depth direction in the

semiconductor {ilm 1s obtained (refer to Japanese Patent
Laid-Open No. H7-66238).

It 1s diflicult, however, to measure a thin film such as a
TFT or SOI membrane by the Hall measurement. This is
because, as the film 1s thinner, the resistance of the film 1s
greater, and the Hall current 1s smaller, which makes it very
difficult to obtain the carrier density. Particularly, in the case
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ol a semiconductor device formed on a glass substrate, the
CV measurement which requires grounding of the substrate
1s useless.

Further, the Hall measurement and the CV measurement
require a specific TEG (Test Element of Groups) for mea-
surement that i1s different from a device, and the carrier
density of a TEG 1s measured. Since the TEG 1s produced
under conditions different from the thermal history of the
actual device process, 1t 1s possible that the carrier density
and the dopant activation rate are diflerent from those in the
device.

Still further, with an actual device, the dopant density
contributing to carriers (that 1s the activated dopant density)
changes a lot with the state of the semiconductor film due to
the high defect density 1n the film when the semiconductor
film 1s non-crystal or polycrystal.

On the other hand, even a carrier density obtained from a
singlecrystal wafer having a small defect density 1s not
necessarily the same as the value of the actual device. This
1s because even 1f the dopant activation rate of the TEG 1s
obtained by the Hall measurement, the CV measurement, or
SIMS analysis, since the actual dewce goes through several
thermal processes before completion, it 1s hlghly possible
that the above obtained dopant activation rate 1s diflerent
from that 1n the semiconductor film of the device.

Further, to obtain the carrier density with high accuracy
using the Hall measurement or the CV measurement, it 1s
necessary to measure a maximum possible capacitance (in
case of the CV measurement) or a maximum possible Hall
current (1n case of the Hall measurement). Therefore, the
TEG for the Hall measurement or the CV measurement 1s
much greater compared to the device. Consequently, since
the obtained carrier density i1s an average value 1 a wide
region, the dispersion of the values in a microscopic region
cannot be evaluated.

SUMMARY OF THE

INVENTION

To solve the problem, the mmvention provides a new
method of obtaining a dopant activation rate of a device
accurately and easily. The invention provides a production
method of a device with proper threshold voltage control,
that 1s, control of the dose amount, according to the obtained
activation rate.

The 1invention also provides a design management system
(production management system) to carry out eflicient
designing of devices having desired characteristics by set-
ting the doping amount of a doping system to a proper value.

Still further, the invention provides a program to obtain a
dose amount 1n a short time with a constant result indepen-
dently of the experience of the executor.

A device means a set of a plurality of semiconductor
devices, represented by FET, having a certain function (shiit
resistors, driving transistors, etc.). A set of a plurality of the

devices constructs a liquid crystal display apparatus, an E
display apparatus, or another display apparatus.

Taking the above problems into account, the inventor
devised a method of obtaiming the dopant activation rate 1n
which the dopant density (first dopant density) of activated
dopant 1n a semiconductor film 1s obtained from the thresh-
old voltage and the flat band voltage of a device, then the
dopant activation rate 1s obtained from the ratio of the above
obtained dopant density (first dopant density) of the acti-
vated dopant to the added dopant density (second dopant
density) that 1s obtained by SIMS analysis (Secondary Ion
Mass Spectrometry).
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Instead of SIMS analysis, physical analysis or chemical
analysis by which the added dopant density can be obtained
may be applied. For example, by peeling the film which 1s
added with dopant and melting 1t 1n a solvent, the added
dopant density can be obtained from the mass ratio.

Specifically, in the mvention, the threshold voltage and
the flat band voltage are obtained from the Vg-Id (the drain
current for the gate voltage) curve of a device. Then, using
theoretical formulas by the imvention and the activated
dopant density to obtain i1s defined as a variable, the dopant
density 1s obtained such that the above vanable accords with
the difference between the threshold voltage and the flat
band voltage obtained from the Vg-Id curve. Thus decided
value 1s the activated dopant density. Next, in the invention,
the dopant activation rate 1s obtained by dividing the acti-
vated dopant density by the added dopant density which 1s
obtained by SIMS analysis.

The flat band voltage 1s defined by the gate voltage at the
time when the energy band 1n semiconductor becomes flat in
Vg-Id characteristics of the device. If the gate voltage 1s
increased from the flat band voltage positively or negatively,
then the band goes into inversion and a current begins to
flow. Theretfore, the flat band voltage can be recognized as
the inflection between ofl-current and on-current on the
Vg-Id curve.

According to the invention, the dopant activation rate can
be obtained not only for a semiconductor film, that 1s, a
channel region, but also for the source region, the drain
region, the LDD region, and the like (hereinafter, totally
referred to as ‘the impurity region’). For example, the
dopant activation rate of the LDD region can be obtained as
follows.

First of all, dopant 1s implanted into a semiconductor film
the same as mto the LDD region. For example, after an
insulating film 1s formed on the semiconductor film, dopant
1s 1mplanted, then the nsulating film on the semiconductor
film 1s removed by etching, further, the semiconductor film
1s patterned to become a device of a desired size, and a gate
isulating film and a gate electrode are formed on the
semiconductor film to produce a semiconductor device.

Then, from the Vg-Id curve of the produced semiconduc-
tor device, the threshold voltage and the flat band voltage are
obtained, and thereby the activated dopant density in the
LDD region can be obtained. Further, 11 the activated dopant
density 1s coupled with SIMS analysis data, the dopant
activation rate in the source region or the drain region can be
obtained.

Also, the dopant activation rate and others obtained from
theoretical formulas of the invention may be databased. By
comparison of the dopant activation rate and others with the
threshold voltage and the flat band voltage 1n the channel
region or the impurity region of the semiconductor device
constructing the device, mformation on the added dopant
density can be obtained. In reverse, from the added dopant
density and the dopant activation rate, the threshold voltage
and the flat band voltage can be estimated. By databasing the
dopant activation rate and others as such, the dose amount
can be set more quickly compared to known methods 1n
which a predetermined dose amount 1s set from a plurality
of samples.

By the above evaluation method according to the inven-
tion, the dopant activation rate 1n the channel region and the
impurity region of a device can be easily obtained. In other
words, according to the invention, 1t 1s possible to use not a
TEG for measurement but the actual device. Also, since the
dopant activation rate mm a region as small as several
micrometers can be obtained, dispersion of the values 1n a
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4

microscopic region can be evaluated. Further, the measure-
ment method according to the invention allows evaluation
on a device with a thin film.

Still further, according to the mvention, a device design
management system that determines a proper doping amount
(dose amount), according to the obtained dopant activation
rate, can be achieved. For example, a dopant density that
maximizes the dopant activation rate can be obtained, and
then the dose amount can be fed back to the doping system.
Further, when repairing or starting the doping system, the
dopant activation rate can be used to make a fine adjustment
of the dose amount.

Depending on the purpose of evaluation, the dopant
activation rate or the activated dopant density may be used.
For example, the dopant activation rate can be used for
evaluation of the quality of a semiconductor film, and the
activated dopant density can be used for obtaining the dose
amount. However, since 1t 1s possible that time 1s not taken
into account by merely setting the dose amount, 1t 1s
preferable to use the dopant activation rate for eflicient
doping.

A device that 1s formed by controlling the dose amount to
be a proper amount, according to the invention, has higher
clectric characteristics compared to devices produced by
conventional method. Particularly, by the device design
management system according to the mvention, devices in
which dispersion of the threshold voltage 1s reduced can be
provided. In other words, the invention allows manufactur-
ing of products with the efliciency of mass production.

Further, the dispersion of the threshold voltage among the
semiconductor devices in the same substrate can be reduced.
Although 11 the activation rate 1s low, the threshold voltage
1s sensitive to the effects of the factors (heating process and
the like), dispersion of the threshold voltage can be reduced
by controlling the dopant activation rate to be high to a
certain degree, thereby reducing the dispersion of the thresh-
old voltage described above.

Still further, a method of the invention can be taken as a
system or a program. The program can be recorded in a
computer-readable recording medium such as a hard disk, a
CD-ROM, an optical recording device, or a magnetic stor-
age device.

Semiconductor devices herein include field effect type
transistors represented by TFTs and FETs, and junction type
transistors such as bipolar transistors. Junction type transis-
tors require field eflect type transistors for measurement.

As described above, the mvention provides an accurate
and simple evaluation method for improving stability and
reliability of electric characteristics of semiconductor
devices. The 1invention also provides a liquid crystal display
apparatus, an EL display apparatus, and other display appa-
ratuses which are reliable and equipped with devices accord-
ing to the mvention.

BRIEF DESCRIPTION OF THE DRAWINGS

FIGS. 1A to 1B are diagrams showing an example of a
design management system according to the immvention;

FIGS. 2A to 2B are diagrams showing another example of
a design management system according to the invention;

FIGS. 3A to 3B are diagrams showing an example of a
computer system according to the invention;

FIGS. 4A to 4B are diagram showing a measurement
sample according to the mvention;

FIG. § 1s a diagram showing an experimental result
according to the mvention;
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FIG. 6 1s a diagram showing another experimental result
according to the mvention;

FIG. 7 1s a diagram showing another experimental result
according to the mvention;

FIG. 8 1s a diagram showing another experimental result
according to the mvention;

FIG. 9 1s a diagram showing another experimental result
according to the mvention;

FIG. 10 1s a diagram showing another experimental result
according to the mvention;

FI1G. 11 1s a diagram showing another experimental result
according to the mnvention; and

FIG. 12 1s a flowchart of a software routine according to
the 1nvention.

DETAILED DESCRIPTION OF TH.
PREFERRED EMBODIMENTS

L1l

Embodiment Mode 1

In the present embodiment mode, theoretical formulas
according to the invention will be described, taking an
example, first, of a partially depleted FET, which 1s possible
in the case that the thickness of the activated layer 1is
relatively large. Partial depletion means the state that an
activated layer gets depleted only partially even under a
strong-inversion condition.

Vth and Vib denote the threshold voltage and the flat band
voltage of an FET, respectively. Further, Cox denoted the
capacitance of the msulating film of the FET, and QQ denotes
the electric charge that 1s induced in the depletion layer. Still
turther, Vs denotes the surface potential. Then, the following
formula 1s valid.

Va-Vib=0/Cox+Vs (1)

Vg denotes, herein, the voltage applied to the gate elec-
trode of the FET. From this formula, 1f Vg=Vth, the follow-
ing formula 1s valid.

Vih=Vib+(O/Cox+Vs (2)

O=e-Nd-Wmax (3)

Vs=(e:Nd-Wmax*)/(2e0-€Si)=2Vf (4)

Nd denotes the activated dopant density, and e denotes the
clectron charge. Wmax denotes the width of the depletion
layer. Potential V1 1s given by the difference between Fermi
level Ef 1n a bulk region which 1s off the insulating film
boundary surface and the intrinsic Fermi level Fi, and
represented by the formula (3).

Vi=(Ef-Ei)/e (5)

Further, denoting the intrinsic carrier density by mi, the
following formula 1s valid.

Nd=ni-exp((Lf-Ei)/kT) (6)

From formulas (4), (5), and (6), the following formula 1s
obtained.

Vs=(2kT/e)|In(Nd/mi)=(e-Nd-Wmax>)/(2€0-€5i) (7)

The vacuum permittivity and the relative permittivity of a
semiconductor are denoted by €0 and €51, respectively. From
tformula (7), Wmax 1s represented by the flowing formula.

(8)

From formulas (2), (3), (7) and (8), the following formula
1s obtained.

Wmax=[(4€0-€SikT)/ (e’ Nd) In(Nd/ni)]"~

Vil — Vﬁ:(e'Nd/Cﬂx)' [(4EO'6§£ .kT)/(gz -Nd)-lﬂ(Nd/Hf)]

Y2y 2k T/e) In(Nd/wi) (9)
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6

From formula (9), it will be understood that the activated
dopant density Nd can be obtained 11 values are given to Vth
and Vib. However, formula (9) cannot be solved analytically
and 1s necessary to be solved numerically. Since Nd and ni
are of great values indicated by indexes, calculation will be
casier 1 the formula 1s modified as the following formula 1n
numerical calculation to reduce the dimension of the vari-
ables.

Vih—Vb=(eni/Cox)(Nd/mi)-[(4cO-€Si-kT)/(e*-(Nd /ni)

-11)- In(Nd/mi) | Y2+ (2kT/e) In(Nd/mi) (10)

In actual calculation, Nd/ni1 1s set as a variable, and Nd/ni
i1s obtained such that the left side and the right side of
formula (10) become an equal value.

Next, theoretical formulas, according to the mnvention, for
a Tully depleted FE'T, which 1s valid 1in the case that the film
thickness of an activated layer 1s small, will be described. In
a fully depletion type, the width of the depletion layer under
an 1nversion condition 1s equal to the thickness of the
activated layer. Denoting the thickness of the activated layer

by tS1, the following formula 1s valid 1n the case of a tully
depleted FET.

Vih—Vib=(e Nd15i)/ Cox+2 Vi=(e-(Nd/ni ) ni-15i )/ Cox+
(2k17e) In(Nd/ni)

(11)

In the above, 1t 1s necessary to use diflerent calculation
formulas depending on the thickness of the activated layer.
Determination as to whether a FET 1s a partial depletion type
or a fully depletion type can almost be made, using the
tollowing formulas, that are: if

1Si>[(4€0-€Si-V/(e:Nd)]V*

1s valid, then the FET can be determined to be a partial
depletion type, and 11

1Si<[(4€0-€Si-V/(e:Nd)]V*

1s valid, then the FET can be determined to be a fully
depletion type.

As described above, from the diflerence between the
threshold voltage and the flat band voltage of a semicon-
ductor device, the activated dopant density (Nd) can be
obtained, and from the activated dopant density and the
added dopant density, the dopant activation rate can be
obtained. To obtain the activated dopant density on an actual
semiconductor, a correction term 1s taken into account in the
above formula in some cases.

The threshold voltage Vth necessary for calculation can
be obtained from the Vg-Id curve of the FET. The drain
current in the saturated region according to a gradual chan-
nel approximation 1s given by the following formula.

Id=(WRL)-CoxuFE-(Vg-Vith)* (12)

W and L respectively denote the width and the length of
the channel region. Cox and uFE denote the capacitance of
the msulating film and the field effect mobility respectively.
From formula (12), it will be understood that 1f both sides of
formula (12) are squared, the square of Id and Vg are 1n a
linear relationship. The mtersection of the linear line and X
axis gives the threshold voltage Vth.

The above formula, and the threshold voltage (Vth) and
the tlat band voltage (Vib) which are obtained from the
clectric characteristics (Vg-Id curve) of the device, deter-
mine the dopant density (Nd). From this dopant density (INd)
and the dopant density (Nc) obtained by SIMS analysis, the
dopant activation rate (Nd/Nc¢) can be easily obtained.

Also, dopant activation rates obtained according to the
invention, the heating conditions thereof, and doping con-
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ditions may be databased to obtain the dopant density (Nc)
for a measurement sample whose threshold voltage and flat
band voltage have been obtained.

Further, for a measurement sample whose dopant density
(Nc¢) has been obtained, the threshold voltage and the flat 5
band voltage of a FET produced according to the measured
sample can be obtained on condition that heating conditions
and doping conditions of respective measurement samples
are the same.

Although 1n the present embodiment, an example has 10
been described using a FET, the invention can be applied to
any device, a TFT for example, for which the theoretical
formulas according to the invention are valid.

Embodiment Mode 2

In the present embodiment mode, a design management
system that feeds back a dopant activation rate obtained as
in the embodiment mode 1 to a process of producing devices
will be described with reference to FIGS. 1A and 1B.

FIGS. 1A and 1B are a construction diagram of the design
management system and a flowchart thereot, respectively.

First of all, a semiconductor device to be a device 1s
produced, and then, this device 1s measured as a measure-
ment sample 101 by a Vg-Id characteristics measurement
istrument 102 and a SIMS analysis apparatus 103. Then, a
threshold voltage (Vth) and a flat band voltage (Vib) which
are obtained from Vg-Id characteristics are input to a com-
puter 105, and the dopant density (Nd) 1s computed accord-
ing to theoretical formulas according to the invention. Fur-
ther, {from a dopant density (Nc¢) obtained by SIMS analysis
and the dopant density (Nd) obtained by the theoretical
formulas, a dopant activation rate i1s computed by the
computer 105.

Next, according to the obtained dopant activation rate, an
optimum dose amount (for example, a dose amount with the
highest activation rate) in which the threshold voltage 1s
taken 1nto account 1s determined, and a doping system 106
1s controlled such that the dose amount 1s to be the deter-
mined amount. In other words, the dopant activation rate 1s
ted back to the dose amount of the doping system.

Further, a device simulator may be provided between the
computer 105 and the doping system 106. For calculation of
the device size necessary for a circuit, the device simulator
requires mput ol the dopant density (Nd) in the channel
region, the source region, or the drain region. The dopant
density (Nd) can be obtained from the threshold voltage and
the flat band voltage. The dopant density 1n a LDD section
which 1s necessary for improving the reliability of the device
1s calculated by the device simulator, a dose amount which
sets the dopant density to a desired value 1s searched by a
personal computer for database, and the obtained dose
amount 1s transmitted to the doping system, thereby making
it possible to efliciently produce a reliable device.

The design management system 1n the present embodi-
ment mode can be implemented, using the dopant activation
rate 1n either the channel region or the impurnty region.

As described above, by determining the dose amount
from the dopant activation rate, 1t 1s possible to efliciently
produce a device which 1s controlled for an optimum thresh-
old voltage.

Embodiment Mode 3

In the present embodiment mode, differently from the
embodiment mode 2, a design management system 1n the
case of stored dopant activation rates as a database will be
described with reference to FIGS. 2A and 2B. 65

FIG. 2A 15 a construction diagram of the design manage-
ment system, and FIG. 2B 1s a flowchart of the design
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management system. The present embodiment mode can be
divided into two routes (1) and (11) depending on which of
Vg-Id characteristics measurement and SIMS analysis has
been carried out for a measurement sample.

First, the route (1) will be described. First, measurement 1s
carried out on a measurement sample A 201 comprising a
semiconductor device, using a Vg-Id characteristics mea-
suring nstrument 202. Then, a computer 205 computes the
doping density (Nd) from the obtained threshold voltage and
the obtained flat band voltage. Further, stored dopant acti-
vation rates and the doping density (Nd) are compared by the
computer 205. As a result, the dopant density (Nc) of the
measurement sample A 201 1s obtained.

According to the obtained dopant density (Nc¢) and the
dopant activation rate then, the dose amount of a doping
system 1s controlled. In other words, the doping density (INc)
1s fed back to the dose amount of the doping system.

The route (11) 1s for the case of performing measurement
on a measurement sample B211 comprising a semiconductor
device, using a SIMS analyzing apparatus 203. The dopant
density (Nc) obtamned by SIMS analysis and the stored
dopant activation rates are compared by the computer 205.
As a result, the dopant density (Nd) of the measurement
sample B211, and the threshold voltage or the flat band
voltage are obtained.

According to the obtained dopant density (Nd) and the
dopant activation rate then, the dose amount of the doping
system 1s controlled. In other words, the threshold voltage
and the flat band voltage are fed back to the dose amount of
the doping system.

A device simulator may be provided between the com-
puter 205 and the doping system 206 as well as 1n the
embodiment mode 1.

As described above, with respect to a plurality of semi-
conductor devices, the threshold voltage, the flat band
voltage, the dopant densities (Nd, Nc¢), and the dopant
activation rate can be databased. As a result, an optimum
dose amount can be determined by performing either Vg-Id
characteristic measurement or SIMS analysis on the semi-
conductor devices.

Embodiment Mode 4

In the present embodiment mode, a computer system for
controlling the dose amount will be described with reference
to FIGS. 3A and 3B.

Various types of computers including personal computers,
workstations, and mainframe computers can be used as a
computer of the computer system described above. The
computer 1s provided with hardware devices, which are
equipped on common computers, such as a central process-
ing unit (CPU), a main memory unit (RAM), a coprocessor,
an 1mage accelerator, a cash memory, an input-output con-
trol device (I/0), and the like. Further, an external storage
device such as a hard disk device, and communication
means such as the Internet may also be provided.

FIG. 3A shows a construction diagram of the computer
system comprising a terminal 301, a doping system 302, a
computer 311, and a measuring instruments 321.

The terminal 301 comprises a instrument to 1nput pro-
duction conditions of semiconductor devices, design condi-
tions of devices, and the like. As the terminal 301, a personal
digital assistant (PDA), a computer, or the like can be used.
The terminal 301 and the doping system 302 are provided at
a place (a clean room, for example) to produce devices.

The computer 311 comprises a apparatus (computing
apparatus 312) for computing the dose amount from the

threshold voltage (Vth), the flat band voltage (Vib), and the
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dopant density (Nc¢) that are input from a measuring instru-
ment 321, and a device (setting device 313) for setting the
dose amount obtained from the computing apparatus to
doping system. The computer 311 comprises an output
apparatus that allows to output of the dose amount by
printing or displaying.

The computer 311 also may comprise a storage apparatus
313 for recording respective threshold voltages (Vth), tlat
band voltages (Vib), dopant densities (Nc), which are
obtained from the computing apparatus 312, production
conditions of semiconductor devices, design conditions of
devices, and the like.

Further, the computer 311 may comprise a determining,
apparatus 314 for selecting a proper dose amount from the
storage instrument 313, according to the production condi-
tions of semiconductor devices, the design conditions of
devices, and the like. More preferably, conditions umique to
cach doping system are stored 1n the storage mstrument 313
so that a best dose amount can be selected by the determin-
ing apparatus 314.

The computer 311 may be nstalled at a place to produce
devices or a different place. In case of installing the com-
puter 311 at the diflerent place, each condition which 1s input
at the terminal 301 may be mput to the determining appa-
ratus 314 through a network.

The measuring instrument 321 measures Vg-Id charac-
teristics, which are the electric characteristics of a device,
and obtains the threshold voltage (Vth) and the flat band
voltage (V1b). Further, SIMS analysis measurement 1s car-
ried out to obtain the dopant density (N¢) of the device. The
measuring nstrument 321 may be installed at the place to
produce devices or a different place. In case of installing the
measuring device 321 at the diflerent place, each result by
the measuring device may be input to the computing instru-
ment 321 through the network. The measuring device 321
and the computer 311 may be installed at the same place.

Next, the two routes of the system will be described, using
FIG. 3B. Through the route (1), information flows into the
doping system, and through the route (i1), information
selected from the storage instrument 313 by the determining
apparatus 314 flows into the doping system.

On the route (1), the dopant density (Nd) 1s obtained from
the threshold voltage (Vt) and the flat band voltage (Vib) of
the device which are mput to the computing apparatus 312.
From the dopant density (Nc), the dopant activation rate 1s
derived from the storage instrument. Further, from the
dopant activation rate, the dose amount 1s derived from that.
Then, the dose amount 1s set by the setting apparatus 315,
and the dose amount 1s output to the doping system.

On the route (11), from the database stored in the storage
instrument 313, a dopant activation rate that fits the produc-
tion conditions of the semiconductor device and the design
conditions of the device 1s selected by the determining
apparatus 314, and the dopant density (Nc) 1s determined.

Further, the dose amount for obtaining a predetermined
dopant density sometimes changes with each doping system.
In this case, conditions peculiar to each doping system that
are stored in the storage mstrument 313 are referred to, and
thus an optimum dose amount for obtaining the above
determined dopant density i1s determined and output to the
doping system.

Next, as an example of a routine flow of a dose amount
control program, the routine described above with (1) 1n
FIG. 3B will be now described with reference to FIG. 12.

First, Vth and Vib which are obtained from the electric
characteristics of the measured semiconductor device are
input to calculate the doping density (Nd) from theoretical
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formulas according to the invention. Also, the design con-
ditions (the portion to be formed, the construction of the
semiconductor device, and the like) of devices and the
production conditions (activation conditions of the semicon-
ductor film, etc.) of the semiconductor device are input.
Then, an optimum dopant activation rate for the design
conditions of the device 1s computed, taking the dopant
density (Nd) and the production conditions of the semicon-
ductor device into account. At this time, the design condi-
tions ol devices, the production conditions of semiconductor
devices, and the conditions of the dopant activation rates,
which are stored 1n the database, are referred to, and thus the
optimum dopant activation rate 1s determined.

Next, according to the dopant activation rate, the added
dopant density (Nc) 1s computed. The doping system needs
to be stable enough to be able to add a certain dose amount,
and conditions that enable each doping system to add a
predetermined dose amount may be databased. That i1s, the
database 1n which the conditions of each doping system are
stored 1s referred to, and thus the dose amount for obtaining,
the predetermined dopant density 1s determined.

The result of the obtained dose amount 1s displayed. Then,
the dose amount may be output to the doping system, printed
out, or output 1n another way. Further, data including the
obtained dose amount 1s saved and stored in the database.

By the computer system, as described above, for control-
ling the dose amount, the dose amount can be efliciently
determined. Further, independently of the experience of the
executor, the dose amount can be obtained 1n a short time
with a constant result.

Embodiment 1

In the present embodiment, a result of obtaiming the
dopant activation rate 1n the channel region of a device will
be described. Boron (B) 1s used as the dopant.

First of all, a cross-section (A) of a measurement sample

and a cross-section (B) of a sample for SIMS analysis will
be described with reference to FIGS. 4A and 4B.

As shown 1 (1) in FIG. 4A, a semiconductor film 401 1s
formed on an insulating substrate 400. The semiconductor
film 401 1s laser-crystallized, heat-crystallized, or crystal-
lized using a method of crystallizing 1n which a metallic
clement that promotes crystallization 1s added. In the present
embodiment, the semiconductor film 1s crystallized by heat-
ng.

As shown 1n (1) i FIG. 4A, boron 1s doped into the
crystallized semiconductor film 401. At this time, the dose
amount 1s set 1n s1x conditions to form measurement samples
1 to 6 as shown 1n Table 1.

TABLE 1

sample number dose amount of boron (/cm?)

1 3.1 x 1013
2 5 x 1012
3 8 x 104
4 1.3 x 10
5 2 x 101
6 3.2 x 10

For the SIMS sample, after crystallization of the semi-
conductor film, boron is doped under conditions of 1x10"°/
cm®, 30 kV, and 5W without being patterned. Thus, the

SIMS sample 1s completed.

Next, as shown 1n (i11) 1n FIG. 4A, the semiconductor film
of only the measurement sample 1s patterned into a desired
shape, and the dimensions are set to L/W=8/8 um. Then, the
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semiconductor films of the measurement sample and the
SIMS sample are covered by forming an insulating film 402.

Further, as shown 1n (1v) 1n FIG. 4A, a gate electrode 1s
formed by laminating a first conductive film 403 and a
second conductive film 404. Then, phosphorus (P) 1s added,
with the gate electrode as a mask, and a source and drain
region 405, a first low concentration 1impurity region 406,
and a second low concentration impurity region 407 super-
imposing with the gate electrode are formed, thereby com-
pleting an n-channel type TFT.

Each sample 1 to 6 of the device and the SIMS sample
may be formed on the same substrate or on different sub-
strates. In case of forming the SIMS sample on a different
substrate, a S1 wafer may be used. If the doping system 1s
stable, the SIMS sample may be produced and carry out
SIMS analysis 1n advance. In other words, 1f implant con-
ditions (GI film thickness, implant energy, etc.) are not
changed for each substrate or each a Lot, 1t 1s not necessary
to carry out SIMS analysis for each substrate or a Lot.

Further, Vg-Id characteristics of the samples 1 to 6 1s
measured. The result 1s shown 1n FIG. 9. The threshold
voltages Vth (V) and the flat band voltages of the samples
1 to 6 are obtained from FIG. 9. The result 1s shown 1n Table
2.

TABLE 2

sample number Vth (V) Vib (V)
1 1.59 -0.676
2 1.74 —-0.643
3 2.6 -0.162
4 4.26 0.36
5 7.35 0.545
6 8.62 0.714

From the result, the relationship between the boron dose
amount and the threshold voltage 1s shown 1n FIG. 5. It will
be understood from FIG. 5 that as the boron dose amount
increases, the threshold voltage rises. FIG. 5 shows, how-
ever, the relationship between the boron dose amount and
the threshold voltage, but does not show the relationship
between the activated boron concentration and the threshold
voltage.

Next, the result of SIMS analysis for depth distribution of
boron concentration in the SIMS sample 1s shown 1n FIG. 6.
In the present embodiment, as the SIMS sample, a S1 water
formed with an insulating film 1 um thereon 1s used, wherein
the S1 water 1s a different substrate from the measurement
samples. Since the film thickness of the semiconductor film
(S1 11lm) of the SIMS sample 1s 50 nm, the boron density can
be estimated as approximately 4x10'%/cm”. Also, it can be
assumed that the dose amount and the boron concentration
obtained from SIMS are linearly proportional to each other.
Therefore, boron concentrations, other than for the dose
amount of 1x10"°/cm?, can be simply estimated from the

result in FIG. 6. For example, the concentration of boron
which 1s present 1n the semiconductor film when doping in

a dope amount of 5.0x10"°/cm” is calculated as (5.0x10"°/
1.0x10")x4x10"/cm”.

Further, Table 3 shows, the results of the dopant density
Nd obtained such that the threshold voltage and the flat band
voltage obtained from the Vg-Id curve are given to the
theoretical formula, the dopant density Nc obtained from

SIMS analysis, and the dopant activation rate (INd/Nc).
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TABLE 3

sample

number Nd[calculation](/cm?®) Nec[SIMS](/cm?)

activation rate (%)

1 0.76 x 10'° 1.24 x 10% 0.0787
2 1.11 x 10 2.00 x 10% 0.0555
3 1.60 x 101° 3.20 x 101° 0.05

4 3.61 x 10'¢ 5.20 x 1017 0.0694
5 1.22 x 107 R.00 x 1017 0.153
6 1.67 x 107 1.28 x 10°° 0.13

From Table 3, the relationship between the dose amount
and the activated dopant density (Nd) 1s shown 1n FIG. 7. It
will be understood from FIG. 7 that the relationship between
the dose amount and the activated dopant density 1s not
linear. This shows that the dopant activation rate changes
with the dose amount.

Further, FIG. 8 shows the relationship between the dose
amount and the dopant activation rate. It will be understood
from FIG. 8 that the dose amount and the dopant activation
rate are not linearly proportional. Also, regions where 11 the
dose amount 1s increased, the activation rate 1s reduced can
be seen.

In general, the higher the defect density in the film, the
lower the activation rate. Theretfore, 1t can be understood that
since the rate of the introduced defect for the dose amount
becomes higher in some region, the activation rate drops. I
the dose amount 1s increased more, 1t can be understood that
the activation rate rises because the effect by the high added
dopant density 1s greater than the eflect by the imtroduced
defect density.

In such a manner, a relative comparison between the
defect density 1n the semiconductor films from the dopant
activation rate and 1s possible.

As described above, since there 1s no special relationship
between the dose amount and the dopant activation rate, 1t
1s necessary to obtain the dopant activation rate for each
change of the dose amount or the process, and control the
threshold voltage. As described in the embodiment mode, 1t
1s also possible to estimate the threshold voltage and the flat
band voltage from the dopant activation rate, and estimate
the added impurity amount which 1s obtained from SISM
analysis.

The invention can be applied to FETs 1in any structure, for
example, Single drain structures, Gold structures, LDD
structures, Dual Gate structures, and Double Gate structures.

As the gate insulating film, a monolayer film such as a
thermal oxide film, a TEOS film, a S1ON film, a nitride film
or a multi-layer film by a combination thereof can be used.
As the gate electrode, a monolayer film of Poly-Si1, tungsten,
aluminum, titan, tantalum, or the like, or a multi-layer film
by a combination thereof can be used.

As a substrate to form the semiconductor film, a semi-
conductor wafer, glass, or quartz can be used. Any of single
crystalline, polycrystalline, and amorphous can be applied to
the semiconductor film. To the material of the semiconduc-
tor film, an element such as Si1 or Ge, or a compound
semiconductor such as GaAs, InP, S1C, ZnSe, or GaN can be
applied. Further, a mixed crystalline semiconductor such as
S1Ge, or AlxGaAs,-x can also be applied.

Further, the invention can be applied to any dopant that
acts as an n-type or p-type donor (Phosphorus, Arsenide,
Sb), or an n-type or p-type acceptor (Boron, Sn, Al, etc.).
Although in the embodiment, the activation rate of boron,
which 1s a p-type dopant, 1s obtained using a N type TFT, the
activation rate of an n-type dopant can also be obtained
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using an P type FET. For example, 1f an n-type dopant which
acts as a donor 1s implanted 1nto the active layer, and the
threshold voltage and the flat band voltage are obtained from
the Vg-Id curve of a p-type FET, the activation rate of the
n-type dopant can be obtained as well.

Embodiment 2

In the present embodiment, for measurement samples 1 to
5, there 1s shown a result of an in-plane distribution of the
threshold voltage (Vth), the tlat band voltage (Vib), and the
dopant density (Nd) which 1s obtained from theoretical
formulas according to the invention.

The in-plane distribution shows a dispersion of the thresh-
old voltage (Vth), the flat band voltage (Vib), and the dopant
density (Nd) 1n the same substrate. First of all, numbers
(1,1), (1,2), . .. are given to the devices formed on the same
substrate. The dispersion of the devices of the respective
numbers 1s obtained.

FIG. 10 shows the result with the sample 1, and FIG. 11
shows the result with the sample 5. X axis and Y axis
represent the numbers ((0,0) to (9,9)) given to the devices 1n
a sample, and the devices are provided in a quantity of
10x10.

As described above, according to the invention, even the
dispersion of the dopant density 1n a microscopic region 1n
a mICroscopic region 1n a substrate can be evaluated, which
1s not possible by known methods.

By the new evaluation method of semiconductor devices
according to the invention, the dopant activation rate of a
device can easily be obtained. The invention provides a
method of producing a device which 1s performed with
proper threshold voltage control, that 1s, dose amount con-
trol according to the obtained dopant activation rate.

Further, the invention provides a design management
system of a device for elliciently designing a device having
desired characteristics by setting the doping amount of a
doping system to a proper value.
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Still further, the invention provides a program or a com-
puter-readable medium by which a dose amount of a certain
result can be obtained 1n a short time, independently of the
experience of the executor.

What 1s claimed 1s:

1. An evaluation method of a semiconductor device
comprising;

measuring a drain current characteristics of a gate voltage

of the semiconductor device;

obtaining a threshold voltage and a flat band voltage from

the drain current characteristics of the gate voltage of
the semiconductor device;

obtaining an activated dopant density from the threshold

voltage and the tlat band voltage; and

obtaining an added dopant density 1n the semiconductor

device.

2. The evaluation method of the semiconductor device
according to claim 1, wherein the added dopant density 1n
the semiconductor device 1s obtained by secondary 1on mass
spectrometry analysis.

3. The evaluation method of the semiconductor device
according to claim 1, wherein the activated dopant density
and the added dopant density 1in a channel region of the
semiconductor device are obtained.

4. The evaluation method of the semiconductor device
according to claim 1, wherein the activated dopant density
and the added dopant density 1n an impurity region of the
semiconductor device are obtained.

5. The evaluation method of the semiconductor device
according to claim 1, further comprising obtaining a dopant
activation rate from the activated dopant density and the
added dopant density.

6. The evaluation method of the semiconductor device
according to claim 5, further comprising determining a dose
amount from the dopant activation rate.
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